The weakly inwardly rectifying K 1 channel Kir4
INTRODUCTION
Astrocytes in the adult hippocampus can be functionally segregated into at least two major classes, one termed ''passive'' and the other ''complex.'' Passive astrocytes are characterized by their large resting membrane K 1 conductance and ohmic I-V relationships and express glial fibrillary acidic protein (GFAP) and the glutamate transporter GLAST (Matthias et al., 2003; Steinhauser et al., 1992; Zhou et al., 2006) . Complex astrocytes, however, have a smaller resting K 1 conductance and nonlinear I-V relationships, express the ionotropic glutamate receptor AMPA, and a subpopulation of complex astrocytes is immunoreactive to the chondroitin sulfate proteoglycan NG2 (Matthias et al., 2003; Schools et al., 2003; Zhou et al., 2006) . These identified differences between complex and passive astrocytes imply that passive astrocytes are more suitable than complex astrocytes to perform a ''spatial K 1 buffering'' function, because the plasma membrane of these cells is highly conductive to K 1 and these cells form large functional syncytiums (Wallraff et al., 2004) .
Several immunocytochemical and transcript analysis studies have demonstrated the expression of Kir4.1 channels in diverse glial types (Kofuji and Newman, 2004; Olsen and Sontheimer, 2008) . In addition, evidence supporting the functional role of Kir4.1 channels in glia was obtained in studies using a mouse line with targeted disruption of the Kir4.1 gene (Kofuji et al., 2000) . In these mice, the membrane potential is highly depolarized and inward K 1 currents are diminished in retinal M€ uller cells (Kofuji et al., 2000) , cultured spinal oligodendrocytes (Neusch et al., 2001) , and brain stem astrocytes (Neusch et al., 2006) . However, questions remain regarding the relative contribution of Kir4.1 channels to the resting K 1 conductance of complex and passive astrocytes in mature hippocampus. Evidence against a central role of Kir4.1 in the resting K 1 conductance of passive astrocytes includes the lack (or small effect) of Kir channel blockers on the evoked inward currents of passive astrocytes (D'Ambrosio et al., 1998; Djukic et al., 2007) and the large resting conductance of the passive astrocytes in a conditional Kir4.1 knockout mouse line (Djukic et al., 2007) . Furthermore, other ''leak'' K 1 channels have been detected in astrocytes, raising the possibility of their contribution to the membrane K 1 conductance of the astrocytic membrane as well (Gnatenco et al., 2002; Kindler et al., 2000) .
In this study, we make use of a novel bacterial artificial chromosome (BAC) transgenic mouse line in which EGFP is under the transcriptional control of the Kir4.1 promoter to study the functional properties of mature glia in the CA1 area of hippocampus. We found that two cell types, identified by their differential EGFP expres-sion, have the electrophysiological properties previously described in complex and passive astrocytes. These results support the notion that Kir4.1 underlies the conductance of distinct glial subpopulations possessing unique functional and morphological properties.
MATERIALS AND METHODS Generation of Kir4.1-EGFP BAC Transgenic
Mouse Line BAC recombination was performed as described previously (Schmidt et al., 2008) . The BAC clone RP23-157J4, containing 132 kb and 52 kb of DNA flanking the 5 0 and 3 0 ends of the Kir4.1 gene locus (KCNJ10), respectively, was obtained from the BAC resource at Children's Hospital Oakland Research Institute and chosen to insert a cassette containing an EGFP-PolyA (Clontech, Mountain View, CA) and a Kanamycin/Neomycin resistance gene flanked by two FRT sites.
Antibodies
Primary antibodies used in this study are listed in Table 1 . For secondary antibodies in immunocytochemistry, we used AlexaFluor antibodies (Invitrogen, Carlsbad, CA) produced in goat, including antirabbit 488 and 594; antimouse 488, 594, and 647. For detection on Western blotting, we used peroxidase-conjugated antimouse (working concentration 1:30,000) or antirabbit (1:20,000) (Jackson ImmunoResearch Laboratories, West Grove, PA).
Immunocytochemistry
Immunocytochemistry and image analyses were performed as described previously (Schmidt et al., 2008) .
Western Blotting
Mouse brains (P14 to P21) were used for Western blots using procedures as described previously (Connors et al., 2004) .
Electrophysiology
For whole-cell patch-clamp recordings, we used P21 to P30 mice. Coronal hippocampal brain slices (250-to 350-lm) were sectioned in ice-cold, oxygenated (95% O 2 -5% CO 2 ) cutting solution (in mM): 220 sucrose, 26 NaHCO 3 , 3 KCl, 5 MgCl 2 , 1.25 NaH 2 PO 4 , 1.0 CaCl 2 , 10 glucose (pH 7.2). These slices were initially incubated for 20 min at 34°C and allowed to cool to room temperature in artificial cerebral spinal fluid (aCSF) (in mM): 130 NaCl, 26 NaHCO 3 , 3 KCl, 2 MgCl 2 , 1.25 NaH 2 PO 4 , 2 CaCl 2 , 10 glucose (pH 7.2). Slices were transferred to a recording chamber mounted on the stage of an upright microscope (E600 FN, Nikon, Tokyo, Japan) equipped with differential interference contrast optics and epifluorescence, which was used to visualize EGFP-expressing cells in the brain slice. Whole-cell recordings were made at room temperature from the soma of fluorescent glia in the CA1 area of hippocampus using a Multiclamp 700A amplifier (Axon Instruments, Union City, CA) with firepolished borosilicate pipettes (3-7 MX, Sutter Instruments, Novato, CA) filled with the following (in mM): 125 KGluconate, 2 CaCl 2 , 2 MgCl 2 , 10 EGTA, 10 HEPES, 0.5 NaGTP, and 2 Na 2 ATP, pH with KOH (pH 7.2). Bath solution consisted of aCSF solution as described above. All traces were sampled at 5-10 kHz and low-pass filtered at 2 kHz. Liquid junction potentials were not corrected. Measurements of cell resistance were derived from currents evoked by stepping the cell potential to a 10 mV hyperpolarized value for 20 ms from a holding potential of 260 mV. When the experiment was carried out using a pipette solution containing 0.5% biocytin (Sigma, Saint Louis, MO), patch pipettes were carefully detached from the recorded cells, and the slices were then fixed with PFA overnight at 4°C. Biocytin was visualized with rhodamine-conjugated streptavidin (Jackson Immunoresearch Laboratories, West Grove, PA).
Statistics
Numerical values are given as mean 6 SE. All comparisons across conditions for the same datasets were made by using Student's t-tests.
RESULTS

Generation and Validation of Kir4.1-EGFP BAC Transgenic Mice
A BAC containing the Kir4.1 gene (KCNJ10) and 132 kb of 5 0 sequences and 52 kb of 3 0 sequences was used for generation of transgenic mice (Fig. 1A) . In this BAC, the coding sequence of the Kir4.1 channel, which is contained in a single exon, was replaced with sequences encoding EGFP by BAC recombination (Yang et al., 1997) . Four independent founder lines were generated with similar patterns of EGFP expression in brain and retina. Widespread intrinsic EGFP fluorescence was Intrinsic EGFP signals of Kir4.1-EGFP mouse brain in dentate gyrus of hippocampus (C), area CA1 of hippocampus (D), cortex (E), cerebellum (F,G), and olfactory bulb (H). (I-J) Western blot analyses of Kir4.1 channel expression in Kir4.1-EGFP and wild-type mouse brains. Arrows indicate the bands corresponding to Kir4.1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Kir4.1 knockout (KO) mouse brain was used as a control for the specificity of anti-Kir4.1 antibody used (I). Similar levels of Kir4.1 channel expression was verified using densitometric analyzes (n 5 5) (J). Scale bars: (B) 1 mm, (C-E,G,H) 50 lm, (F) 100 lm.
observed in brain tissue sections from adult mice (Fig. 1B) with numerous brightly fluorescent cells (Fig. 1C-H) . In the hippocampus, large pyramidal neuronal cells lacked EGFP signal while smaller stellateshaped cells were brightly fluorescent, consistent with glial expression of EGFP (Fig. 1C,D) . A similar pattern of fluorescence was also detected in cortex (Fig. 1E) . In the cerebellum, the Bergman glia in the molecular layer and astrocytes in the granule layer were strongly labeled (Fig. 1F,G) . Double staining with anti-NeuN to label neurons and anti-EGFP antibodies in the hippocampus and cortex showed that neurons lacked EGFP expression ( Fig. 2A-C) , further supporting glial EGFP expression.
It was possible that the extra copies of Kir4.1 promoter regions present on the Kir4.1-EGFP transgene would interfere with expression of endogenous Kir4.1 channels. To address this possibility, we performed Western blots using brain lysates from either wild type or Kir4.1-EGFP littermates to compare levels of Kir4.1 protein. As can be seen in Fig. 1I ,J, comparable levels of Kir4.1 expression were detected in the brains of wild type and Kir4.1-EGFP mice. These results indicate that endogenous expression of Kir4.1 channels was not perturbed in the Kir4.1-EGFP mouse line.
To validate this mouse line as a reporter of Kir4.1 expression, it was also essential to demonstrate the correlated expression of EGFP and Kir4.1. To test this, we used immunocytochemistry in hippocampal and cortical slices from Kir4.1-EGFP mice to localize expression of EGFP and Kir4.1 (Fig. 2D-I ). When cells from CA1 area of hippocampus (n 5 849) and cortex (n 5 337) were counted, co-expression of EGFP and Kir4.1 was seen in about 97% of cells (Supp. Info. Fig. 1 ). EGFP expression concentrated in the soma as expected for the expression of a cytoplasmic protein (Fig. 2D ,G) and with expression being more diffuse, though somewhat localized to the plasma membrane (Fig. 2E,H) . Such co-expression of Kir4.1 channels and EGFP was also seen in other brain regions such as olfactory bulb and cerebellum (result not shown). Overall, these results indicate the fidelity of EGFP as a reporter of Kir4.1 expression in the Kir4.1-EGFP mouse line.
Differential Expression of Kir4.1 Channels in Glia
We next asked whether Kir4.1 channels are expressed in various glial subpopulations, i.e. the GFAP and NG2-expressing glia. We performed triple labeling and confocal imaging for NG2, GFAP, and EGFP in cortical and hippocampal slices (Fig. 3A-H) . GFAP or NG2 immunoreactivity was found in cells with either round or irregular somas. GFAP immunostaining revealed the main ra- dial processes as expected for a cytoskeletal protein while NG2 immunostaining demarcated processes and the cell somas (Fig. 3A-H) . Comparisons of relative fluorescence levels revealed that intense EGFP signals were found preferentially in astrocytes that were also GFAP1 (Fig. 3A-H ). NG21 cells, in contrast, displayed weaker expression of EGFP although clearly above background fluorescence levels (Fig. 3A-H) . Fluorescence signal for EGFP was significantly higher in GFAP1 glia than in NG21 glia (P < 0.005, Student's t-test) and in general the GFAP1 glia outnumbered NG21 glia in the CA1 area of the hippocampus (Fig. 3I ).
EGFP1 Glia in Hippocampus Have
The heterogeneous expression of EGFP in GFAP1 and NG21 cells implies the differential expression of Kir4.1 in these two populations of glia, which led us to examine their physiological properties in more detail. Whole-cell patch clamp recordings from weakly fluorescent cells (Fig. 4A,B) in the CA1 area of the hippocampus revealed that these cells displayed the hyperpolarized membrane potentials (278.9 6 0.4 mV, n 5 62) and relatively high resistances (121.9 6 9.2 MX, n 5 62). Voltage steps from 2160 to 130 mV revealed multiple points of rectification with both inwardly and outwardly rectifying currents (Fig. 4B ). This electrophysiological profile is characteristic of complex, or variably rectifying, astrocytes . This class of glial cell is also known to lack intercellular electrical coupling Wallraff et al., 2004) . We verified this lack of coupling in weakly fluorescent cells by injection, via patch pipette, of biocytin, which easily passes through gap junctions (Vaney, 1991) . Confocal microscopy of biocytin-filled cells confirmed a lack of biocytin diffusion to neighboring cells within hippocampal slices (Fig. 5E and Supp. Info. The EGFP signal for the soma of cells identified as either GFAP1 (n 5 264) or NG21 (n 5 103) was quantified and shown as fluorescence intensity in arbitrary units, *P < 0.05. Scale bars: (A, E) 50 lm. Fig. 2A ). Moreover, NG2 immunoreactivity co-localized with single biocytin-filled cells (n 5 6) (Supp. Info. Fig.  3A) . Overall, these findings indicate a defined subpopulation of glial cells that can be identified by their weak EGFP fluorescence and possess the functional and morphological features previously described for complex astrocytes in mature hippocampus .
We next sought to identify the functional properties of brightly fluorescent cells and to compare them to those identified in weakly fluorescent cells. Whole-cell voltage clamp recordings from cells with higher levels of EGFP expression revealed hyperpolarized membrane potentials (278.5 6 0.3 mV, n 5 89) similar to those measured in weakly fluorescent cells. However, the input resistances of brightly fluorescent were markedly lower (17.9 6 0.4 MX, n 5 89) than those measured in weakly fluorescent cells (P < 0.0001, Student's t-test). Voltage steps from 2160 mV to 130 mV elicited essentially time-and voltage-independent currents resulting in linear whole-cell I-V relationships (Fig. 4C) , in contrast to the rectifying I-V profile seen in weakly fluorescent cells. Moreover, we observed a high degree of intercellular electrical coupling among brightly fluorescent cells as revealed by the extensive spread of biocytin from the recorded brightly fluorescent astrocyte to neighboring cells. Confocal microscopy of biocytin-filled, brightly fluorescent cells showed biocytin staining of numerous neighboring cells that were also EGFP1 (Supp. Info. Fig. 2B ). This high degree of intercellular coupling (40 6 3 coupled cells/ slice, n 5 22) was never observed upon dye-filling of weakly fluorescent cells (Supp. Info. Fig. 2C ). Finally, staining of biocytin-filled, brightly fluorescent cells with either anti-GFAP or NG2 antibodies revealed that these cells displayed immunoreactivity toward GFAP but not NG2 (Supp. Info. Fig. 3B,C) . Thus, glial cells with high levels of EGFP expression have the hallmark properties of so called passive astrocytes (Matthias et al., 2003; Schools et al., 2006; Wallraff et al., 2004) . Overall, these results suggest that heterogeneity in EGFP content in glial cells of Kir4.1-EGFP distinguishes distinct subpopulations of astrocytes.
One method used to assess the contribution of Kir channels to the basal conductance of cells is to verify whether inward currents are susceptible to blockade by pharmacological agents such as cesium and barium (Doupnik et al., 1995) . In addition, the tricyclic antidepressant desipramine reversibly inhibits Kir4.1 currents in a concentration-dependent manner, while only marginally affecting Kir2.1 currents in heterologous expression systems (Su et al., 2007) . We assessed the effect of these Kir channel blockers in both weakly and brightly fluorescent cells. In cells with low levels of EGFP expression, bath application of cesium (1 mM) resulted in the characteristic voltage-dependent blockade of inward currents (Fig. 5A ) without significantly affecting outward currents. Barium (100 lM), in contrast, reduced both inward and outward currents (Fig. 5B ) and induced depolarization of the membrane potential (9.9 6 1.5 mV shift, n 5 6) (Fig. 5B) . Similar results were also observed using desipramine (100 lM) (Fig. 5C) . Surprisingly, cesium and barium applied in the bath inhibited just a fraction of evoked currents in brightly fluorescent cells (Fig. 6A and data not shown) . Because filling of brightly fluorescent cells resulted in diffusion of the tracer biocytin to neighboring astrocytes (Fig. 6E) , we reasoned that the lack of current blockade by cesium and barium could be caused by inaccessibility of the drugs to coupled cells deeper in the slice. To test this, we recorded from brightly fluorescent cells in slices, which had been pretreated with the gap junctional blocker meclofenamic acid (MFA), a reversible connexin 43 blocker (Harks et al., 2001) . Pretreatment of slices with MFA for 30-40 min did not alter the ''passive"-type current profile of brightly fluorescent cells (Supp. Info. Fig. 4B ), but it was effective in preventing the diffusion of biocytin to neighboring cells (Supp. Info. Fig. 4A,C) . Under these conditions, both cesium and barium blocked the large evoked inward currents in brightly fluorescent cells (Fig. 6B-D) .
To test the notion that the heterogeneity of fluorescence between glial cells reflects heterogeneity of Kir4.1 promoter activity and thus heterogeneity of Kir4.1 expression, we compared barium-sensitive currents following MFA treatment in passive astrocytes to those measured in complex astrocytes. If there is higher Kir4.1 expression in those cells with brighter EGFP signals, then we would expect larger barium-sensitive currents in brighter fluorescent cells. Indeed, barium-sensitive currents were significantly larger in passive astrocytes (brightly fluorescent cells) treated with MFA (21,962.1 6 177.6 pA at 2140 mV, n 5 11) than in complex astrocytes (weakly fluorescent cells) (2674.7 6 83.1pA at 2140 mV, n 5 8) (data not shown) (P < 0.05, Student's t-test).
DISCUSSION
Collectively, our results indicate the significant and yet differential expression of the Kir4.1 subunit in functionally identified complex and passive astrocytes in mature mouse hippocampus. While there have been reports of Kir4.1 transcript or protein in glial cells of the hippocampus (Hibino et al., 2004; Poopalasundaram et al., 2000; Schroder et al., 2002) , it has remained unclear whether this channel subunit contributes appreciably to the resting K 1 conductance of complex and passive astrocytes. For example, in a study by D'Ambrosio et al. (1998) , passive astrocytes (named linear type in their study) showed a virtual absence of cesium-sensitive currents. Likewise, passive astrocytes recorded from wildtype mouse hippocampus have been shown to have only small barium-sensitive currents (Djukic et al., 2007) . These results would be inconsistent with a significant role of Kir4.1 channels to the resting K 1 conductance of passive astrocytes.
We took a BAC transgenic approach to provide further insights into the patterns of Kir4.1 expression in mouse brain. Our expectation was that EGFP under the transcriptional control of Kir4.1 promoter would reveal its differential expression among cellular subtypes. Upon examination of fluorescence in the Kir4.1-EGFP mouse brain, we did in fact observe heterogeneity of EGFP expression, with weakly and brightly fluorescent cells being present in both gray and white matter. We chose to investigate these cell types in the CA1 area of the hippocampus given the extensive functional and anatomical characterization of astrocytes in this brain region (Matthias et al., 2003; Schools et al., 2006; Wallraff et al., 2004; Zhou et al., 2006) . We chose to perform these studies in adult mice (i.e. older than P21) as the degree of electrophysiological diversity is minimized at later developmental stages . Wholecell electrophysiological recordings and immunocytochemical studies of weakly fluorescent cells revealed many of the properties associated with complex astrocytes such as nonlinear I-V relationships, expression of NG2, and lack of gap junctional coupling with neighboring cells Zhou and Kimelberg, 2000) . These results corroborate data recently obtained in a Kir4.1 conditional knockout line by Djukic et al. (2007) , in which the complex astrocytes from the mutant mouse were highly affected, displaying depolarized membrane potentials and high input resistances. These results also support single cell RT-PCR analyses in which complex astrocytes expressed transcripts for Kir4.1, though less frequently than Kir2.1, Kir2.2, and Kir2.3 (Schroder et al., 2002) . The almost complete blockade of inward currents with desipramine in our study favors the hypothesis that Kir4.1 is the principal functional subunit mediating the resting K 1 conductance in complex cells. At the present moment, the role of complex astrocytes in the mature brain remains unclear, in particular in the gray matter. The lack of intercellular coupling as evidenced by the confinement of biocytin to the recorded cell makes unlikely that these weakly fluorescent, complex astrocytes have a prominent role in spatial potassium buffering.
In contrast, recordings from brightly fluorescent cells showed many features commonly associated with passive astrocytes. Interestingly, substantial blockade of inward currents by Kir channel blockers such as barium and cesium was revealed only following the treatment of hippocampal slices with the gap junctional blocker MFA. Presumably, the extensive electrical coupling among passive astrocytes in untreated slices prevented the assessment of Kir4.1 channel expression using the pharmacological blockers. This may explain why in the study by Djukic et al. (2007) barium elicited only modest effects on inward currents of passive astrocytes. This formation of functional syncytiums and the large K 1 conductance of brightly fluorescent cells could provide the optimal cellular substrate for the spatial redistribution of K 1 in the extracellular environment. Indeed several studies upon knockdown or knockout of Kir4.1 have indicated some impairment in the regulation of [K 1 ] o in brain (Olsen and Sontheimer, 2008) . One potential limitation of our study is that we performed all electrophysiological recordings in relatively young mice (P21-P30) when there is still rapid accumulation of myelin basic protein in mouse brain (Barbarese et al., 1978) . It is conceivable that the observed functional heterogeneity for Kir4.1 expression diminishes in more mature mice.
In summary, our results indicate a surprising heterogeneity of Kir4.1 promoter activity in mature hippocampus, revealing its differential expression in glial subtypes. In both complex and passive astrocytes, Kir4.1 seems to constitute the dominant K 1 conductance in the plasma membrane. The expected central role of Kir4.1 channels in regulation of [K 1 ] o in the CNS and their restricted glial expression make such channels attractive targets for treatments of disorders related to excessive neuronal excitability.
